While the interaction of the cardinal rhythms of nonrapid-eye-movement (NREM) sleep-the thalamocortical spindles, hippocampal ripples, and the cortical slow oscillations-is thought to be critical for memory consolidation during sleep, the role spindles play in this interaction is elusive. Combining optogenetics with a closed-loop stimulation approach in mice, we show here that only thalamic spindles induced in-phase with cortical slow oscillation upstates, but not out-of-phase-induced spindles, improve consolidation of hippocampus-dependent memory during sleep. Whereas optogenetically stimulated spindles were as efficient as spontaneous spindles in nesting hippocampal ripples within their excitable troughs, stimulation in-phase with the slow oscillation up-state increased spindle co-occurrence and frontal spindle-ripple co-occurrence, eventually resulting in increased triple coupling of slow oscillation-spindle-ripple events. In-phase optogenetic suppression of thalamic spindles impaired hippocampusdependent memory. Our results suggest a causal role for thalamic sleep spindles in hippocampus-dependent memory consolidation, conveyed through triple coupling of slow oscillations, spindles, and ripples.
In Brief
Latchoumane et al. demonstrate a causal role of sleep spindles in memory formation. They show that optogenetic induction of thalamic spindles, when phase-locked to the slow oscillation upstate, enhances the triple coupling of slow oscillations-spindles-ripples together with hippocampus-dependent memory consolidation.
INTRODUCTION
Sleep is known to support the consolidation of memory (Rasch and Born, 2013) . The <1 Hz cortical slow oscillation (Steriade et al., 1993) , thalamo-cortical spindles (Steriade et al., 1986) (7-15 Hz) , and hippocampal sharp wave-ripples (Buzsá ki et al., 1992 ) (100-250 Hz) represent the cardinal rhythms of nonrapid-eye-movement (NREM) sleep, and all these rhythms have been implicated in the consolidation of declarative (i.e., hippocampus-dependent) memory during sleep (Fogel and Smith, 2011; Friedrich et al., 2015; Logothetis et al., 2012; Marshall et al., 2006; Ngo et al., 2013; Schreiner et al., 2015; Wang et al., 2015) . Importantly, it has been proposed that consolidation of hippocampus-dependent memory during NREM sleep essentially relies on the hierarchical nesting of these rhythms (Diekelmann and Born, 2010; Dudai et al., 2015; Phillips et al., 2012) . Phase-locking occurs such that ripples accompanying neural memory reactivation in the hippocampus nest into the excitable troughs of the spindle oscillation, which themselves nest into the excitable up-state of the slow oscillation (Clemens et al., 2007; Siapas and Wilson, 1998; Sirota et al., 2003; Staresina et al., 2015) . This phase-locking presumably favors the redistribution of the representation from predominantly hippocampal toward neocortical networks that serve as long-term storage sites (Diekelmann and Born, 2010; Dudai et al., 2015) .
Several studies have demonstrated a causal relationship between increased slow oscillation and memory consolidation in humans (Marshall et al., 2006; Ngo et al., 2013) . Using timed electrical stimulation in rats, Maingret et al. (2016) provided evidence that reinforcing the endogenous temporal coordination between hippocampal sharp wave-ripples, cortical slow waves, and spindles can enhance the consolidation of hippocampusdependent spatial memory. However, so far, there is no experimental evidence demonstrating a causal influence specifically of thalamic activity on the phase-locking between cortical slow oscillations and the subordinate rhythms-thalamo-cortical spindles and hippocampal ripples-in the process of memory formation. This is even more surprising as thalamic spindles emerging first during ontogeny (Khazipov et al., 2004) , as well as in the course of human nocturnal sleep (Aeschbach and Borbé ly, 1993; Clemens et al., 2007) , are suspected to play a central role in forming memory during sleep.
Using closed-loop, optogenetic stimulation of the thalamic reticular nucleus (TRN) to induce spindle activity in mice ( Figure 1A ), we show that only spindles induced during the slow oscillation up-state-that is in-phase coupling-enhance memory for previously learned hippocampus-dependent tasks, whereas spindles occurring out-of-phase with the slow oscillation remain ineffective. Furthermore, in-phase spindlelike stimulation enhanced the co-occurrence of frontal cortical spindles and ripples and, consequently, triplets of slow oscillation-spindle-ripple events.
RESULTS

Spindle-like Stimulation In-Phase with Slow Oscillation Up-States Enhances Memory
We tested transgenic mice expressing channelrhodopsin2 (ChR2) in parvalbumin (Prv)-expressing inhibitory neurons (PrvmhChR2-EYFP; n = 26), a dominant subpopulation of the TRN that is sparse in surrounding thalamic nuclei (Asrican et al., 2013; Zhao et al., 2011) (Figure 1B ; see also Figure S1 ), on a combined cued/contextual fear-conditioning (FC) task in which a 30 s tone followed by a 2 s shock was delivered in context A during conditioning (Boyce et al., 2016; Xu and S€ udhof, 2013 ) (see STAR Methods for details; Figure 1C ). Retrieval was assessed 24 hr later by measuring freezing (1) to the same context A, as a readout of hippocampal contextual fear memory, and (2) to a tone delivered in a different context B, as a readout of cued fear memory that is not essentially dependent on the hippocampus. During the first 6 hr following conditioning, the mice were subjected to one of three stimulation protocols ( Figure 1D ; Figure S3 ; see also Method Details section). In-phase mice (IN) received spindle-like optogenetic stimulation (62.5 ms on/off, 4 pulses) to the TRN during NREM sleep, which occurred in synchrony with the up-states of online-detected slow oscillations. Out-of-phase mice (OUT) were likewise stimulated during NREM sleep but with a random delay between 0.5 and 1.0 s following identification of a slow oscillation up-state. Control mice received no stimulation (NoSTIM). At retrieval, (C) Mice were tested on a combined cued/contextual fear-conditioning task. Following a learning phase, the animals were allowed to sleep and were subjected to one of three stimulation protocols for 6 hr (red hatched area). Recall of memory started 24 hr after the learning phase. (D) Schematic of the stimulation protocols: mice were optogenetically stimulated with four light pulses (8 Hz, 62.5 ms on/off) as soon as they entered NREM sleep, inducing a spindle-like signal (Kim et al., 2012) . Stimulation was applied such that it occurred during a slow oscillation up-state (IN, in-phase, n = 8, red trace) or with a random delay between 0.5 and 1.0 s after a slow oscillation up-state (OUT, out-of-phase, n = 8, green trace) and was then followed by a 1.5 s pause. In the no-stimulation condition, no light pulses were presented, but the time points corresponding to the in-phase (NoSTIM-IN, n = 10, upper black trace) and out-of-phase (NoSTIM-OUT, n = 10, lower black trace) stimulations were marked like for the stimulation conditions. (E) Freezing level in the last minute of conditioning (left), recall of fear context (middle; average of the first 4 min), and fear cue (right; freezing at the delivery of the tone expressed as percentage of time freezing) were measured during a recall test 24 hr after learning for the in-phase (red bars), out-of-phase (green bars), and no-stimulation condition (black bars). ***p < 0.001, **p < 0.01 for post hoc pairwise comparisons. Data are shown as box-whisker plots with box limits representing the first and third quartile and whiskers indicating the data range.
contextual fear memory was selectively enhanced in in-phase mice, whereas out-of-phase mice showed no improvement in contextual fear memory compared with no-stimulation controls ( Figure 1E ; F 2,23 = 8.358, p = 0.002, for one-way analysis of variance [one-way ANOVA]; stimulation condition main effect; NoSTIM versus IN: p = 0.001, NoSTIM versus OUT: p = 0.438, and IN versus OUT: p = 0.007, Fisher's least significant difference [LSD] ). Collectively, these results demonstrate that spindles are not effective per se, but instead enhance hippocampus-dependent memory only if they coincide with the more excitable depolarizing up-state of a slow oscillation (Bergmann et al., 2012; Chauvette et al., 2012) . Neither in-phase nor out-of-phase stimulation changed memory for cued fear compared with that observed in no-stimulation control mice (F 2,23 = 0.051, p = 0.950), indicating that our stimulation in-phase during NREM sleep preferentially benefits hippocampus-dependent memory (Cai et al., 2009) .
The hippocampal dependency of the effect of in-phase spindle stimulation was assured in 26 additional mice using an object-place recognition task (OPR; Figure S2 ) known to be sensitive to the effects of sleep (Binder et al., 2012) . Mice receiving stimulation in-phase with the slow oscillation up-state during slow wave sleep (SWS) after learning showed enhanced place memory (in terms of enhanced exploration time for the displaced object) on retrieval testing 24 hr later (F 2,23 = 4.338, p = 0.025; Figure S2C ). Place memory after out-of-phase stimulation did not differ from memory in the no-stimulation control group. Together, these results suggest that spindle stimulation phaselocked to the slow oscillation up-state specifically enhances consolidation of hippocampus-dependent memory during sleep.
Enhancing Effects of In-Phase Stimulation on Slow Oscillation-Spindle Coupling and Contextual Memory Occur in the Absence of Alteration in Sleep Architecture
The effects of in-phase stimulation on memory formation were not conveyed by gross changes in sleep architecture. Sleep onset and time spent in different sleep stages during the 6 hr interval were closely comparable among the three stimulation conditions (Table S1 ). Also, the overall density of slow oscillation, spindle, and ripple events did not differ among conditions (Table  S2) . However, optogenetic spindle stimulation altered the finetuned interplay between the three rhythms ( Figure 2A ). Averaging electroencephalograms (EEGs), time-locked to stimulation onsets, confirmed the emergence of spindle-like activity coalescing with a large negative slow oscillation half-wave during in-phase stimulation; notably, this negative half-wave was absent in the out-of-phase condition ( Figure 2B ). Moreover, this analysis revealed that the optogenetic spindle-like generation of the anterior TRN induced predominantly frontal cortex (FRO) spindles, which, on average, synchronized to the stimulation. An entrainment by (FRO, top) and parietal (PAR, middle) cortical areas and averaged LFP signals from the hippocampal CA1 (bottom), time-locked to stimulation onset, across all mice under in-phase (red lines), out-of-phase (green), and no-stimulation (black) conditions. Vertical dashed black lines indicate stimulation onset (t = 0). Left column: comparison of in-phase and out-of-phase stimulation. Middle and right columns: comparison of in-phase (middle) and out-of-phase (right) stimulation with corresponding periods in the no-stimulation control. Significant differences (p values) are indicated at the bottoms of panels. Please note that the SEM was generally smaller than 0.2 mV and is thus not discernable from the trace of the mean in some cases. the optogenetic stimulation was also observed for spindles in the hippocampal CA1 region, which is consistent with observations that spindles invade hippocampal structures (Sarasso et al., 2014; Sullivan et al., 2014) . However, surprisingly, spindle-like stimulation did not entrain spindles recorded in parietal cortex (PAR). Overall, this distribution indicates that the stimulated TRN regions mediate a specific topographical pattern of spindle activity and influence the hippocampal local field potential within short delays.
Determining discrete spindle events within a 750 ms time window following the onset of stimulation revealed for FRO recordings a significantly higher spindle incidence rate for inphase than out-of-phase stimulation conditions (Figure 3A , left; one-way ANOVA, F 3,36 = 60.243, p < 0.001; IN versus OUT: p < 0.001, Fisher's LSD), as well as a distinct elevation compared with the corresponding no-stimulation conditions, no-stimulation in-phase (IN versus NoSTIM-IN: p < 0.001, Fisher's LSD), and no-stimulation out-of-phase conditions (OUT versus NoSTIM-OUT: p < 0.001, Fisher's LSD). Increases in spindle incidence were closely comparable between in-phase and out-ofphase stimulation with reference to the rates during the respective NoSTIM-IN and NoSTIM-OUT control conditions. In the NoSTIM-IN condition, spindle density within 750 ms following detection of a slow oscillation up-state was significantly higher than that for the delayed interval corresponding to the out-ofphase stimulation protocol (NoSTIM-OUT versus NoSTIM-IN: p < 0.001, Fisher's LSD; Figure 3A ), confirming endogenous phase-locking between slow oscillations and spindles. No difference was found for the incidence of PAR and CA1 spindles following stimulation or slow oscillation detection (one-way ANOVA, PAR: F 3,36 = 1.275, p = 0.297; CA1: F 3,36 = 0.615, p = 0.610). Importantly, whereas the ratio of the total spindle count to the total slow oscillation count (for the 6 hr period of sleep monitoring) was comparable in all three conditions ( Figure 3B ; Kruskal-Wallis one-way ANOVA, U 2 = 3.640, p = 0.162), slow oscillation-spindle coupling (i.e., the proportion of detected slow oscillations that are coupled with a spindle within 750 ms) was distinctly increased for the in-phase condition compared with both out-of-phase and no-stimulation conditions ( Figure 3C ; Kruskal-Wallis one-way ANOVA, U 2 = 16.923, p < 0.001). Timeevent correlation histograms also confirmed that spindle modulation during optogenetic stimulation, as observed not only in the cortical EEG but also in local field potential (LFP) recordings from CA1, derives from spindle cycles that are highly synchronized to the imposed stimulation rhythm ( Figure 3D ), with this synchrony being absent in the no-stimulation condition. Finally, we examined the influence of the TRN stimulation on inter-event intervals by determining the spindle incidence for a time window of 1.5 to 2 s post-stimulus. This analysis did not reveal any persisting effect on the generation of spindles (F 3,36 < 1.170, p > 0.170).
Out-of-Phase Stimulation, Unlike In-Phase Stimulation, Induces Slow Oscillations without Affecting Memory Consolidation We then asked whether thalamic spindle stimulation exerts a bottom-up effect on cortical slow oscillations. Averaging EEG responses filtered in the 0.5-4.0 Hz band time-locked to stimulation onset did not reveal any difference in amplitude of slow oscillations occurring during in-phase stimulation and the corresponding interval of the no-stimulation condition (Table S3) , excluding an immediate effect of in-phase stimulation on ongoing slow oscillation activity. However, an analysis of slow oscillation negative half-wave peaks in the FRO within a 500 ms interval following stimulus onset ( Figure 4A ) revealed a distinctly increased probability of the emergence of a slow oscillation during this interval in the out-of-phase condition compared with all other conditions ( Figure 4B ), including a comparison with an interval of the no-stimulation condition that covered the respective out-of-phase stimulation period (one-way ANOVA, F 3,36 = 76.356, p < 0.001; OUT versus NoSTIM-OUT: p < 0.001, Fisher's LSD). The stimulation-induced slow oscillations emerged mainly during the first 250 ms of the out-of-phase spindle stimulation ( Figure 4C , top right), but not in-phase spindle stimulation ( Figure 4C , top left). The enhancing effect of out-of-phase stimulation on slow oscillation incidence was also found to be significant in the PAR region (one-way ANOVA, F 3,36 = 15.277, p < 0.001; OUT versus NoSTIM-OUT: p = 0.011, Fisher's LSD). In control analyses, we confirmed that out-of-phase stimulation was performed without a particular phase preference to continuing or newly appearing slow oscillation ( Figure S4 ), whereas in-phase stimulation was consistently performed during a slow oscillation up-state ( Figure S4 ). Overall, these results indicate that spindle stimulation of the TRN can induce slow oscillations in the out-of-phase condition but did not affect the consolidation of contextual memory in this group compared with the no-stimulation control group.
Optogenetically Induced Spindles Preserve Natural Hippocampal Nesting and Enhance Memory via Triple Coupling of Slow Oscillations, Spindles, and Ripples We next examined whether spindles induced optogenetically using our protocols are similar to spontaneous spindles in terms of their influence on hippocampal oscillations (Figures S5A and S5B) . Previous studies have shown a high propensity for sleep spindles to synchronize hippocampal ripples into their troughs (Clemens et al., 2011; Phillips et al., 2012) (Figure 5A ). A nesting of ripple activity into the troughs of the spindle cycle in particular for spindles recorded at PAR and CA1 ( Figures S5C and S5D ) was observed and was closely comparable among all stimulation conditions, as confirmed by more fine-grained time-event correlation histograms of discrete ripple events time-locked to the spindle troughs ( Figure S5C ; p < 0.001). Consistent with findings in humans and rodents (Clemens et al., 2011; Phillips et al., 2012) , grouping of ripples to spindle troughs was evident for parietal cortical and hippocampal spindles ( Figure S5D ) but was absent during frontal spindles. This result indicates that the spindle stimulation did not affect the naturally weak spindle-ripple nesting in FRO recordings and mostly preserved known nesting properties of CA1 ripples into PAR and CA1 spindles troughs.
We found that optogenetic stimulation did not affect the ripple incidence rate under any condition ( Figure 5B ; one-way ANOVA, F 3,30 = 1.258, p = 0.306). However, an analysis of the temporal overlap of spindle and ripple events revealed that the proportion of hippocampal ripples co-occurring with spindle events during optogenetic stimulation was increased in the in-phase stimulation condition (one-way ANOVA, F 3,30 = 14.679, p < 0.001) compared with the no-stimulation condition ( Figure 5C ; NoSTIM-IN versus IN: p = 0.001 and NoSTIM-OUT versus OUT: p = 0.162, Fisher's LSD). Notably, 20% of induced spindles were accompanied by a ripple, with no significant difference among conditions (one-way ANOVA, F 3,30 = 1.277, p = 0.3). Importantly, the percentage of online-detected slow oscillations co-occurring with a spindle (within 750 ms after detection) that also exhibited at least one ripple co-occurring within a spindle was significantly increased in the in-phase group compared to the no-stimulation and out-of-phase groups ( Figure 5D Since sleep spindles are known to be spatially distributed oscillations, we further examined the cross regional occurrence of spindles during stimulation. In-phase stimulation was accompanied by a significant increase in the rate of co-occurring (i.e., temporally overlapping) spindle events between FRO and PAR recordings (F 2,22 = 13.298, p < 0.001, one-way ANOVA), between FRO and CA1 recordings (F 2,13.337 = 6.602, p = 0.010, Welch test), and between all three recording sites (FRO-PAR-CA1, U 2 = 7.175, p = 0.028, Kruskal-Wallis one-way ANOVA) compared to the out-of-phase and no-stimulation conditions ( Figure S6 ). We further examined whether these coherent spindle events also included a hippocampal ripple. Consistent with the increase in (detected) slow oscillation, frontal spindle, and hippocampal ripple events during in-phase stimulation (reported above; Figure 5D ), this analysis showed that inphase stimulation, in comparison with the other two conditions, was specifically associated with an increased rate of coherent frontal-hippocampal spindle events, including a ripple ( Figure 5E ; U 2 = 13.008, p = 0.001, Kruskal-Wallis one-way ANOVA; IN versus NoSTIM: p = 0.004, IN versus OUT: p = 0.001, and OUT versus NoSTIM: p = 0.605; ranksum test). In sum, these results indicate that in-phase stimulation produces a unique temporal-spatial pattern of the three oscillatory phenomena of interest, characterized not only by an increased triple coupling of slow oscillation, spindle, and ripple events, but also by an increased co-occurrence of spindles in anterior and posterior cortical and hippocampal regions, where, in particular, spindles co-occurring in frontal cortex and hippocampus also entrain ripples.
Optogenetic Inhibition In-Phase Induces Impairment of Contextual Memory Consolidation
We finally tested whether optogenetic inhibition of TRN Prv neurons could affect memory formation. Prv-cre knockin mice were bilaterally injected in the TRN ( Figure 6A ) with pAAV-CBA-FlexArch-GFP ( Figures 6B-6E ). Mice were subjected to stimulation protocols corresponding to in-phase optogenetic inhibition (IN-ARCH; 500 ms yellow laser pulse following the detection of a slow oscillation up-state; n = 8), out-of-phase optogenetic inhibition (OUT-ARCH; 500 ms yellow laser pulse randomly given between 0.5 to 1.0 following the detection of a slow oscillation up-state; n = 7), or no-stimulation condition (NoSTIM; no laser stimulation given; n = 9). We found that in-phase optogenetic inhibition of Prv neurons resulted in a significantly lower contextual memory recall ( Figure 6F As expected, the spindle incidence rate was significantly reduced for the mice that received inhibitory TRN stimulation if compared to the respective no-stimulation control conditions ( Figure 6G ; F 3,25 = 12.042, p = 0.001, one-way ANOVA, IN versus NoSTIM-IN: p = 0.035, and OUT versus NoSTIM-OUT: p = 0.015). In line with our findings from the main experiments demonstrating that a spindle-like stimulation of the TRN induced slow oscillations, the inhibitory manipulation significantly reduced , or all three recording sites (triple) and with at least one hippocampal ripple event within 750 ms following stimulation onset. ***p < 0.001, **p < 0.01, *p < 0.05 for post hoc pairwise comparisons; data are shown as box-whisker plots with box limits representing the first and third quartile and whiskers indicating the data range.
the incidence of slow oscillations during the 750 ms post-stimulus window for the in-phase and out-of-phase stimulation conditions, in comparison with their respective control conditions ( Figure 6H ; F 3,25 = 23.921, p < 0.001, one-way ANOVA, IN versus NoSTIM-IN: p = 0.002, OUT versus NoSTIM-OUT: p = 0.019). Inhibitory stimulation had no effect on incidence rates of hippocampal ripples (one-way ANOVA, F 3,25 = 2.151, p = 0.121; data not shown).
Finally, to ensure that the promoting effect of spindle-like inphase TRN stimulation on hippocampal-dependent memory is specific to the stimulation frequency, we performed another control experiment utilizing TRN stimulation at 20 Hz (i.e., a frequency unrelated to the spindle band) in mice expressing ChR2 (n = 7) and in control mice expressing YFP (n = 10; please see legend of Figure S7 and STAR Methods for details). Comparison between these two groups showed no difference in contextual fear memory (F 1,15 = 0.017, p = 0.899; Figure S7F ) or spindle incidence in the 750 ms post-stimulus interval (FRO: F 1,15 = 1.361, p = 0.262; Figure S7D ). Together, these results confirm that a modulation of the TRN activity coinciding with a slow oscillation up-state and preeminently frequency-specific to the spindle range, with a combined impact on spindle and slow oscillation incidence, is important for hippocampal memory consolidation during sleep.
DISCUSSION
By combining optogenetics with a closed-loop stimulation approach (Grosenick et al., 2015) , our experiments provide evidence for an essential role that the thalamus plays in memory consolidation during sleep through its coordinating influence on the interplay between the three rhythms involved in this memory process.
Memory formation during sleep involves the replay of hippocampal representations during ripples (Diba and Buzsá ki, 2007; Girardeau et al., 2009; Wilson and McNaughton, 1994) , which is thought to promote systems consolidation, i.e., the passage of the reactivated information mainly toward neocortical regions that serve as long-term storage sites (Diekelmann and Born, 2010; Dudai et al., 2015) . In this hypothesis, the phase coupling of ripples, spindles, and slow oscillations is thought to mediate effective hippocampal-to-neocortical information transmission. Our report here provides experimental evidence that the phase coupling of the three rhythms essentially contributes to effective memory consolidation during sleep. Moreover, our studies have uncovered a key contribution of spindles to coordinating the interplay between the three rhythms involved in this memory process.
We found that thalamic-induced spindles nest hippocampal ripples to their troughs both in optogenetically induced and spontaneous conditions. This pattern suggests that spindles, rather than slow oscillations, are the major factor synchronizing the occurrence of hippocampal ripples and possibly memory replay, in the first place, to the excitable phase of the spindle cycle and, in the case of slow oscillation driven spindles, to the excitable slow oscillation up-states (Clemens et al., 2007; Isomura et al., 2006; Sirota et al., 2003; Staresina et al., 2015) . Whereas the mechanism of spindle oscillationinduced nesting of ripples remains unclear, our results support the view that the increased spindle-ripple co-occurrence in the presence of a slow oscillation up-state represents a condition promoting the systems consolidation of contextual memory. Indeed, given that ripples enwrap reactivated hippocampal memory information, our observations are consistent with the notion of spindle-ripple events facilitating the hippocampal-to-neocortical transmission of memory information for longer-term storage in neocortical networks (Buzsá ki, 1998; Dudai et al., 2015) .
Taking this systems consolidation perspective, our finding is of interest that in-phase stimulation appeared to increase spindles phase-locked to slow oscillations mainly over frontal cortical regions, whereas nesting of ripples within spindle troughs revealed to be stronger for parietal cortical and hippocampal networks, a pattern which has been likewise revealed to occur spontaneously under unstimulated conditions in humans (Clemens et al., 2011) . Simultaneously, in-phase stimulation increased the co-occurrence of spindles between frontal and parietal cortical regions as well as between frontal as hippocampal sites. Taken together, this topographical pattern suggests that the putative hippocampal-to-neocortical transmission of reactivated memory information during spindle-ripple events involves a fine-tuning between anterior and posterior spindle activities in thalamo-cortical networks, with the former primarily impacting frontal cortical networks and the later primarily serving to synchronize memory reactivations in hippocampal networks. While this fine-tuning of spindle activities and its function remains to be elucidated, we speculate that the frontal spindles are particularly relevant for redistributing the representation toward respective neocortical networks. This view is supported by our finding that the enhancing influence of in-phase stimulation on the incidence of slow oscillation-spindle-ripple triplets was specifically linked to the frontal cortical recordings. Generally, spindles that occur during the excitable up-state of the slow oscillation can be considered to be particularly effective in inducing plastic synaptic changes in cortical networks that mediate the more persistent storage of the memory information in neocortical networks (Chauvette et al., 2012; Rosanova and Ulrich, 2005; Sejnowski and Destexhe, 2000) .
Moreover, the view of slow oscillation-spindle-ripple triplets reflecting systems consolidation of hippocampal memories, in light of our findings, implicates that silencing frontal cortex during sleep within 6 hr after fear conditioning should impair memory consolidation which, at a first glance, contrasts with the rather slow temporal gradient in which memories become independent of the hippocampus (Frankland and Bontempi, 2005) . However, although a direct test of this implication is missing, there is evidence that, depending on pre-existing knowledge, new memories can become rather quickly independent from hippocampus (within 24 hr) and at this stage can be also disrupted by impairing prefrontal cortex function (e.g., Lesburguè res et al., 2011; Tse et al., 2007 Tse et al., , 2011 .
In addition, we found that the thalamic-induced spindle-like stimulation can promote the generation of a cortical slow oscillation, whereas an inhibition of the TRN resulted in a reduced incidence of slow oscillations. Here, we confirmed that the effect on slow oscillation incidence alone was not sufficient to alter the consolidation of memory since enhancing versus suppressing slow oscillation events in the respective out-of-phase conditions did not express itself in corresponding changes in memory performance. Although a contribution of TRN activation to the emergence of slow oscillations has been reported by others (Lewis et al., 2015) , our findings are the first to show that TRN stimulation that mimics natural thalamo-cortical spindle input suffices to generate a cortical slow oscillation. The mechanisms mediating this effect remain obscure. The effect might reflect a phase-resetting of cortical networks, which spindles produce by facilitating the transition of network activity into the slow oscillation down-states. However, a mere resetting would not explain that spindles induced outof-phase increased the absolute number of slow oscillation events. The state of readiness of TRN neurons, i.e., the number of recruitable neurons for population spiking, and on-going thalamo-cortical oscillations might be another factor determining whether stimulation produces spindles (Barthó et al., 2014) together with slow oscillations (Lewis et al., 2015) or no response. In natural conditions, thalamo-cortical spindle activity might contribute to the development of longer trains of slow oscillatory activity Ngo et al., 2015) . Importantly, we found that both in-phase and out-of-phase inhibition of TRN reduced the occurrence of spindles; however, only mice subjected to an in-phase inhibition of the TRN showed an impairment during contextual fear recall, corroborating the view that a reduction in spindles alone is not sufficient to disrupt memory formation. Instead, an effective impairment requires that the inhibition of spindles occurs in the presence of a cortical slow oscillation up-state, obviously representing the time window during which, under normal conditions, the hippocampal-cortical dialog underlying systems consolidation is vulnerable.
It might be argued that the effect of TRN stimulation was unspecific and not dependent on the spindle-like stimulation protocol employed in the main experiment. This was ruled out by a control study where tonic (500 ms) stimulation of the TRN at 20 Hz did not show any effect on both contextual fear memory and the coupling of spindles, thus supporting the specificity of the reported effects for the applied stimulation protocol. Altogether, the emerging picture challenges the view that phase coupling of NREM sleep rhythms and associated memory formation is under the sole or primary control of the cortical slow oscillation (Cox et al., 2012; Diekelmann and Born, 2010; Steriade, 2006) , instead revealing a critical contribution of thalamic spindles to this process.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice
Prv-mhChR2-EYFP (tg/+) transgenic mice (RRID: IMSR_JAX:012355), maintained in a C57BL/6J background (B6j), were used for the main behavior experiment ( Figure 1E : Fear Conditioning behavior, n = 26; Electrophysiology, n = 29; see table below for details). The same transgenic mice were used for the complementary behavior experiment, object place recognition task ( Figure S1 : Object Place Recognition, n = 26; see below table for details). Prv-cre knockin mice (RRID: IMSR_JAX:008069; B6; 129P2-Pvalb tm1(cre)arbr IJ) were used for the virus-mediated inhibition experiment (Archaerhodopsin; Fear Conditioning behavior, n = 24; see below table for details) and for the virus-mediated control for alternative stimulation protocols (GFP/Channelrhodopsin; Fear Conditioning behavior, n = 24; Electrophysiology, n = 21; see table below for details). An additional set of mice were used to test the effect of an non-spindle-like stimulation (20Hz, 5msec pulse, total duration: 0.5 s, timing: in-phase) on TRN activity on fear conditioning behavior (Behavior, n = 17; Electrophysiology, n = 17; see Table S4 for detail). All mice were generated using an in vitro fertilization method employing foster ICR female mice (male sperm: B6j Prv-mhChR2-EYFP (tg/+), female: wild-type B6j) or in mating cages (B6j Prv-cre (cre/+) male backcrossed with wild-type B6j females). Mice were maintained under a 12 hr light/12 hr dark cycle (light cycle beginning at 8:00 a.m.), and were provided free access to food and water. Male mice only were used at 11-14 weeks of age and housed in pairs with a transparent acrylic partition (one animal per side to preserve recording connectors and optic fiber cannulas). Animal care was provided and all experiments were conducted in accordance with the ethical guidelines of the Institutional Animal Care and Use Committee of the University of KAIST (site of the experiment) and the Institute for Basic Science, Korea.
METHOD DETAILS Surgery
Surgical implantation of optic fiber cannulas and electrodes for recordings of EEGs, EMGs, and LFPs was performed under ketamine/ xylazine anesthesia (20 ml/kg, i.p.). Following administration of the anesthetic, mice were restrained in a stereotaxic device (David Kopf Instruments, USA). All the following stereotaxic coordinates are given with reference to the bregma (Paxinos and Franklin, 2004) as anterior-posterior (AP), medial-lateral (ML) and, when applicable, dorsal-ventral (DV). For EEG recordings, two stainless steel screws were fixed to the skull over the right PFC (AP: +1.48 mm; +ML: 0.3 mm) or the right PAR (AP: À4.03 mm: +ML, 1.5 mm). An additional screw was positioned above the cerebellum region and used as a reference. An uncoated stainless steel wire (inner diameter, 76.2 mm; A-M Systems, USA) was tied to the nuchal muscle for EMG recordings. For LFP recordings, a formvar-insulated nichrome wire (inner diameter, 50.8 mm; impedance, 400 kU; A-M Systems) was implanted into the right CA1 region of the hippocampus (AP: À2.03 mm; ML: +1.1 mm; DV: +1.2 mm). All wires were attached to a custom-made electronic interface board with an 18-pin connector (Omnetics, USA). Monofiber optic cannulas (inner/outer diameter, 100/125-0.22; length, 4 mm; ZF1.25 DFL; Doric Lens, Canada) for performing optogenetic stimulation were implanted bilaterally in the rostral-ventral region of the TRN (AP, À0.6 mm; ML, +/À1.5 mm; DV, 3.2 mm; incline, 20 degrees). Prv-cre mice received bilateral injection (0.5 uL on each side) of pAAV.CBA.Flex.Arch-GFP.WPRE.SV40 (addgen 22222, Upenn) for the archaerhodopsin mediated inhibtion. For the control experiment based on a non-spindle-like stimulation, pAAV.EF1a.DIO.EYFP.WPRE.hGH (addgen: 27056, Upenn) and pAAV-EF1a-DIO-hCHR2(H134R)-EYFP.WPRE.hGH (addgen: 20298, Upenn) viruses were used, respectively. All mice were housed by two with a transparent acrylic partition in order to preserve the optic fiber and electronic interface board (EIB) from grooming behavior. All mice were allowed 5 days (Prv-mhCHR2-EYFP, surgical implantation) or 3 weeks (Prv-cre; surgical implantation and viral expression) to recover following surgery before proceeding with the experiment.
Histology
Following anesthesia with 0.2% tribromoethanol (20 ml/kg, i.p.), mice were first perfused with saline (0.9%) and then with a 4% paraformaldehyde solution (100 mL). Their brains were then removed and cut into 50-mm-thick coronal sections with a vibratome (Leica, Germany). For immune staining ( Figures 6B and 6D ), brain sections are washed three times in PBS and blocked in PBS containing 0.5% Triton X-100 and 5% normal goat serum Sections are then incubated for $16 hr at room temperature in rabbit anti PV antibody (1:500, ab11427, Abcam; RRID: AB_298032), mouse anti-NeuN (1:2000, MAB377, Millipore; RRID: AB_2298772). Following incubation, sections are washed three times in PBS and then incubated for 2 hr at room temperature in Alexa Fluor 555 goat anti-mouse IgG (1:500, Invitrogen; A21424 RRID: AB_141780), Alexa Fluor 594 goat anti-rabbit IgG (1:500, Invitrogen; A11012 RRID: AB_141359), are then washed three times in PBS and followed by three 10 min rinses in PB and mounted on glass slides with Hardset Vectashield (Vector Labs; H-1500 RRID: AB_2336788) for microscopy. Photographs were taken using either an Eclipse-Ti microscope (Nikon, Japan) or a FluoView FV1000 confocal laser-scanning system (Olympus, Japan). Histological results summarized in Figure S1 show the bilateral positioning of fiber optic cannula as well as fluorescence detection of channelrhodopsin expression and a representative recording site in the CA1 hippocampal region.
Procedure and Design
After full recovery from surgery, all mice were handled daily for 15 min on five consecutive days to habituate them to the human experimenter. On the fifth day, an open field test was performed for 30 min in a quadratic recording box (40 3 40 3 40 cm) constructed of acrylic white polyvinyl chloride; mice were subject to continuous video surveillance to identify and exclude mice with abnormal locomotion (Ethovision XT, Noldus, USA; RRID: SCR_000441; 2 mice). The open field box was positioned in a soundproof and light-intensity, temperature-and humidity-controlled behavior chamber (cantered LED light, 4 lux; temperature, 22 C; humidity, 60%) with ambient white noise (80 dB) and two fans for air circulation. On the following day, the mice, located inside a sleep chamber equipped with a fan and light, and in the presence of 80-dB ambient white noise, were acclimated to the attachment of connectors for signal recording and photostimulation devices for 6 hr (no stimulation was given). On experimental days (Figure 1 , main text), mice were acclimated to the behavior chamber in the presence of white noise for 30 min. Conditioning of the contextual fear-conditioning commenced at 8:30 a.m. Based on previous work demonstrating a critical window for memory consolidation in the first few hours after encoding (Boyce et al., 2016; Graves et al., 2003; Prince et al., 2014 ) the mice were immediately placed into the sleep recording box ($9:00 a.m.) for 6 hr, during which they received stimulation when NREM slow oscillations were detected. After this 6-h stimulation period, all mice were returned to their home cage for another 18 hr. The following day, the test phase of the learning task-24h memory recall-began at 8:30 a.m., preceded by the same acclimation procedure described above. Prv-mhChR2-EYFP mice and Prv-cre mice were randomly assigned to their stimulation groups following the fear conditioning task (FC) and object place recognition task (OPR). The table below shows the number of mice for behavioral tests and electrophysiological recordings used in the FC and OPR experiments, for each mouse line and corresponding viral injection. Numbers of mice with both behavioral and 33 electrophysiological recordings are indicated in brackets. EEG data are for both FRO and PAR leads.
Contextual Fear Conditioning
To simultaneously assess effects of spindle stimulation on aspects of memory that do and do not essentially rely on hippocampal function, we used a combined cue/contextual fear-conditioning paradigm (adapted from Boyce et al., 2016;  Figure 1 , main text). During the conditioning phase, mice were placed in a metallic rectangular chamber with a surface grid (context A) connected to an electrical shocker (Coulbourn Instruments, USA). Mice were habituated to the box for 3 min followed by application of two successive tone-shock pairs separated by an interval of 2 min. Each tone (2 kHz at 85 dB) lasted for 30 s and was accompanied by a foot shock (0.75 mA, 5V) that occurred during the last 2 s. On the following morning, 24 hr contextual fear memory was first tested by placing the mouse in the same context A as during conditioning for 8 min. Then, after a 3 hr break, cued (tone) fear recall was tested in a different context B. For this, the mouse was placed in a black, round acrylic cylinder (diameter, 30 cm) with wood bedding for 3 min followed by a single presentation of the tone for 30 s. Contextual fear memory was determined (per minute) based on the freezing behavior displayed by the mouse, averaged across the first 4 min. Cued fear to the tone presentation was determined by the relative amount of freezing during the 1 min interval following tone onset. Freezing behavior during conditioning were assessed blindly to the experimenter using an automatic freezing counter (FreezeFrame, Coulborn Instruments, USA; RRID: SCR_014429) and averaged across the last 1 min interval. The freezing during last minute of condition showed comparable values among the three stimulation conditions for the Prv-mhChR2-EYFP mice (Fear Conditioning; (10) 8 (6) 8 (8) 26 (24) (sampling period). For each mouse, the initial position of the objects was positioned randomly (parallel to one of the four walls) to avoid any side effect. Following this training, mice were assigned to their stimulation groups and placed in the sleep box for a period of 6hours. At the end of the stimulation period, mice were returned to their home cage within the mouse facility. The 24 hr test consisted of a single 6 min-exploration of the same identical objects with one at its original position (static object) and one having been displaced at an opposite corner (displaced object) in the open field box. The 24 hr delta preference is the change in preference toward the displaced object and is estimated as the difference in percentage preference for the displaced object at the last sampling period (last 6 min) and the test period (24 hr recall, 6 min). The object exploration behavior was quantified from video scoring from two independent researchers assigned blindly to the scoring of each video (sampling and testing videos).
Electrophysiological Recordings and Closed-Loop Optogenetic Stimulation Setup EEG, EMG, and LFP recordings were digitized at 16 kHz using a Digital Lynx DX64 A/D converter and a Neuralynx 16-Channel analog headstage amplifier (HS-16; unity gain and hardware amplification gain = 10; Neuralynx, USA). Signal acquisition and recordings were performed using Cheetah software (version 5.6.3; Neuralynx, USA). Bandpass filters used were 0.1-45 Hz for EEG, 70-250 Hz for EMG. For CA1 LFP, broadband (0.1-7000Hz) and bandpass filtered signal (100-250 Hz) were recorded. Signals were stored on a personal computer with a sampling frequency of 1 kHz for offline analysis. For the online detection of slow oscillations, the frontal EEG signal was acquired via the analog output and low-pass filtered with a custom-made 4-pole Butterworth filter (cut-off at 3 dB, 6 Hz). The filtered signal was fed, together with a bandpass-filtered EMG signal (using Neuralynx Cheetah software; cut-offs, 7 and 250 Hz) to the analog input of an Arduino UNO board (sampling rate, 80 Hz; Arduino LLC, https://www.arduino.cc/). A custom-made MATLAB code (Mathworks, USA; RRID: SCR_001622) provided online-monitoring of the current sleep stage to ensure stimulation during NREM sleep and automatic detection of slow oscillations using an adaptive thresholding method (Ngo et al., 2013 (Ngo et al., , 2015 to control optogenetic stimulation. The semi-automated online sleep stage monitoring was used to provide a stand-by signal to the slow oscillation detection method and was combined with the low-pass filtered FRO EEG signal (0.1-6 Hz) and the band-pass filtered EMG signal (70-250 Hz); the latter was then rectified and integrated over 3 s to provide an index of muscle tone. Wakefulness was identified for a combination of filtered FRO EEG lower Th EEG-wake (static threshold: three times the standard deviation of the last 10sec activity) and muscle tone in the EMG higher than Th EMG-wake (static threshold: 50 percent of the maximum value of EMG index, out of all past value acquired). Rapid eye movement (REM) sleep showing a dominant 6-8 Hz in EEG was characterize by a filtered FRO EEG lower than Th EEG-wake (i.e., same threshold as for wake) and EMG index lower than Th EMG-REM (static threshold: 20 percent of the maximum value of EMG index, out of all past value acquired). The identification of WAKE stage resulted in a 10 s on-going deactivation of the slow oscillation detection system. REM stage had intrinsically no slow oscillation or high amplitude event and could not trigger the slow oscillation detection. The rate of erroneous stimulations (i.e., those not occurring in NREM sleep) was always < 7%, and mainly resulted from delayed identification of a change in sleep state (i.e., mostly REM to WAKE). NREM sleep was defined as a non-WAKE/non-REM and showed EMG index value lower then Th EMG-wake and higher propensity for slow oscillations (< 4Hz; i.e., FRO EEG higher than Th EEG-wake ). Once identified, NREM sleep enabled activation of the slow oscillation detection algorithm. EEG and EMG power criteria for classifying sleep stages were individually adjusted based on offline scored sleep recordings of the respective animal, obtained prior to the experiment. Slow oscillations were detected by subjecting the filtered frontal EEG signal to an amplitude-based threshold criterion. Whenever the signal crossed the threshold (default value, À3.5 mV, after 10-fold hardware amplification from the unit-gain acquisition) from above toward more negative values, a stimulus was triggered. To adapt for fluctuations in the negative peak amplitude of the slow oscillation, we re-set the threshold every 0.5 s to the largest minimum within the last 5 s, if this minimum value was also smaller than the default value. During in-phase stimulation, upon each detection of a slow oscillation negative half-wave, the Arduino board sent a TTL signal to a Master-8 signal generator (A.M.P.I., Israel), which triggered a 4-cycle square wave with on/off periods of 62.5 ms (corresponding to 8 Hz) or a continuous pulse of 500msec duration (optic inhibition using archaerhodopsin in Prv-cre mice). The total response delay of the system, resulting from (i) the Arduino-to-MATLAB acquisition (UBS 2.0; 20 ms), the detection algorithm (50 ms) and the emission of a digital output (USB 2.0; 20 ms), amounted to 90 ms. The on/off spindle-like sequence was used to drive the output from a DL-445-050-O blue-light laser with a wavelength of 445 nm (CrystalLaser, USA), which propagated via an optical patch cord to the connected optical fibers in the mouse TRN. For optogenetic inhibition, we used a continuous pulse of 500msec duration from a MGL-FN-561 yellow-light laser with a wavelength of 561nm (CNI Optoelectronics Technology Co. Ltd., China). Stimulation started (with a 90-ms delay after detection of a negative half-wave peak) at about the late transition into the depolarizing up-state. A stimulation frequency of 8 Hz (four light-pulses, 62.5 ms on/off duration) was chosen based on previous work demonstrating a reliable induction of sleep spindles with this protocol (Kim et al., 2012) as it corresponds to the predominant firing pattern at approximately 8-Hz observed in the TRN during spontaneous (Contreras and Steriade, 1996; Steriade et al., 1986) . During out-of-phase stimulation, the stimulus onset commenced randomly between 0.7 and 1.2 s after detections, ensuring stimulation in the absence of a slow oscillation. In the no-stimulation control protocol, the procedure was identical to the in-phase condition except that no optogenetic stimulus was applied. The laser output was calibrated to 4 mW at the end of the optical fiber cannula before each experiment using a PM100D power meter (Thorlabs, USA). Post hoc visual inspection of the stimulation by two independent experimenters revealed an accuracy of > 86%. The number of stimuli delivered during NREM sleep was comparable among all conditions (in-phase = 535.7, out-of-phase = 678.4 and no-stimulation = 594.5455; F 2,26 = 1.399 and p = 0.265, one-way ANOVA).
QUANTIFICATION AND STATISTICAL ANALYSIS
Analyses of Sleep Measures and EEG All analyses were performed using MATLAB and Spike2 software (Cambridge Electronic Design, UK; RRID: SCR_000903) based on custom-made scripts. EEG and EMG signals during the 6 hr recording periods were visually scored by two experienced raters into 10 s epochs of NREM, REM sleep, and wake intervals. Epochs with artifacts or movement arousals were visually identified and excluded from further analysis. Total sleep time, first onset of NREM sleep, and time spent in the different sleep stages were then determined for the total intervention interval.
Evoked Potentials
Immediate effects of optogenetic stimulation were analyzed by averaging EEG and LFP signals, time-locked to stimulation onsets, within a 1.5 s window starting 0.5 s prior to the onset of a spindle-like stimulation. Both prefrontal and parietal EEG signals were bandpass-filtered at 0.3-30 Hz, 0.5-4 Hz, and 7-10 Hz to allow inspection of the broad sleep EEG signal, slow oscillatory activity, and spindle activity, respectively. Filtering in the slow oscillatory and spindle bands was followed by a root mean square (RMS) calculation and smoothing using a moving average based on a 200-ms window and a step size of 10 ms, yielding transient power measures within the respective frequency bands.
Offline Detection of Sleep Spindles, Ripples, and Slow Oscillations Discrete spindles and ripples were detected using offline algorithms adopted from references (Gardner et al., 2013; Rothschild et al., 2017) , respectively. For spindle detection, the EEG signal was bandpass-filtered at 7-10 Hz and the envelope determined using the Hilbert transform. Please note, the lower spindle range was chosen to accentuate the 8-Hz spindle stimulation protocol. However, for all analysis a spindle detection based on a frequency range from 7-15 Hz revealed identical results. A potential spindle event was identified in cases where the envelope exceeded an individual threshold defined by the standard deviation of the envelope across all NREM sleep epochs, multiplied by 3.5. Onset and end of potential spindle events were marked by the crossing of a second lower threshold at 2 times of the standard deviation of the envelope. Subsequently, potential spindle events with durations shorter than 0.4 or longer than 3 s were discarded. For ripple detection, the LFP signal was likewise filtered at 100-250 Hz and the envelope determined. A ripple event was identified in cases where the envelope exceeded an individual threshold which was defined by the standard deviation of the envelope across all NREM sleep epochs, multiplied by 5.0. Onset and end of potential ripple events were marked by the crossing of a second lower threshold at 2 times of the standard deviation of the envelope. Then, the respective event was discarded if it was shorter than 40 ms or longer than 500 ms. For subsequent analysis the remaining ripple events were marked by their most negative peak. Visual inspection of the offline detected spindle and ripple events by two experiences raters revealed an accuracy of > 95%.
The efficacy of stimulation in inducing spindle and ripple events was examined by calculating the sum of discrete events overlapping with a 0-0.75 s window post-stimulation onset, then dividing it by the total number of spindle-like stimulations and multiplying it by 100 to yield percentages. Time-event correlation histograms were then calculated for spindle troughs (i.e., the minima of the filtered signal within each spindle interval), which were time-locked to the onsets of the spindle-like stimulation, covered a 1.25 s window starting 0.5 s prior to stimulation onset, and had a bin size of 0.01 s. The grouping of ripples by spindles was assessed by calculating event-correlation histograms for ripple events (with an event indicated by the most negative peak of the ripple), that were phase-locked to the spindle troughs and covered a 1 s window with an offset of 0.5 s and a bin size of 0.01 s.
Discrete slow-oscillation events during NREM sleep were detected following previously described procedures (David et al., 2013; Mö lle et al., 2009) . In brief, the EEG was bandpass-filtered at 0.2-4.5 Hz and, then all positive-to-negative zero crossings of the signal, as well as the local minimum and maximum between each two successive crossings, were marked. Intervals between two successive zero-crossings were identified as a slow-oscillation event in cases where the length of this interval was between 0.4 and 2 s (corresponding to 0.5 to 2.5Hz) and the minimum amplitude and minimum-to-maximum amplitude ratio were greater than 66.6% of the average of the respective amplitude values across the whole recording epoch.
Statistical Analysis
Unless stated otherwise, data are graphically presented as box-whisker-plot and numerically as means ± SEM. Statistical analyses were performed using SPSS version 23 (IBM, USA; RRID: SCR_002865). All data were initially examined for normality using a Kolmogorov-Smirnov test. For most analyses, a parametric one-way analysis of variance (ANOVA) or Kruskal-Wallis test was performed. The main group factor was ''stimulation condition'' (Prv-mhCHR2-EYFP: IN, OUT and NoSTIM, or when appropriate, IN, OUT, NoSTIM-IN and NoSTIM-OUT; Prv-cre: IN-ARCH, OUT-ARCH, NoSTIM). Post hoc analyses to a significant ANOVA result were performed for independent samples using Fisher's least significant difference (LSD) t test approach, with correction for family-wise error or, depending on the equality of variance and normality, a Welch-or Ranksum test. All statistical analysis performed in the main text are summarized in detail in Table S5 . No power analysis was performed prior to the experiments. However, sample size for each group was matched to numbers typically used in comparable rodent studies.
DATA AND SOFTWARE AVAILABILITY
All data including behavior video files (Fear Conditioning: FreezeFrame, RRID: SCR_014429; Open-field and Object place recognition task: Ethovision XT, RRID: SCR_000441), raw recording files (Neuralynx .csc files), real-time analysis codes (MATLAB m-files), figure generation code (Spike2: RRID: SCR_000903/MATLAB: RRID: SCR_001622) and demonstration video are available on demand by email at the address: charles@ibs.re.kr or referenced in the STAR Methods Key Resources Table. 
